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RJ  6992  (66529)  3/31/89 
Physics 


OPTICAL  DETECTION  AND  PROBING  OF  SINGLE  DOPANT 
MOLECULES  OF  PENTACENE  IN  A  p-TERPHENYL  HOST  CRYSTAL 
BY  MEANS  OF  ABSORPTION  SPECTROSCOPY 

* 

L.  Kador  ,  I).  F.  Horne,  and  W.  F.  Moerner 
IBM  Research  Division 
Almaden  Research  Center 
San  .lose,  California  q5l20 

ABSTRACT:  (  /sing  a  combination  of  laser  frequency-modulation  absorption  spectroscopy 
and  either  Stark,  longitudinal  ultrasonic,  or  transverse  ultrasonic  internal  modulation,  the 
optical  absorption  spectrum  of  a  single  impurity  molecule  of  pcntaccnc  in  p-tcrphenyl  crystal 
may  be  measured  at  liquid  helium  temperatures.  The  general  properties  of  this  detection 
method  are  illustrated  by  first  applying  the  technique  to  the  detection  of  persistent  spectral 
holes  in  the  pcntaccne/p-tcrphcnyl  system.  Selection  of  a  single  absorber  for  measurement 
is  accomplished  by  tuning  the  probing  laser  far  out  into  the  wings  of  the  inhomogcneously 
broadened  0-0  absorption  lines  for  either  the  (),  or  02  sites,  flic  single-molecule  line  shape 
is  similar  to  that  predicted  by  a  simple  model  of  the  double-modulation  process.  The 
approximate  amplitude  of  the  single-molecule  signals  suggests  that  triplet  bottleneck  power 
broadening  is  suppressed  far  out  in  the  wings  of  the  inhomogenous  line.  T  his  work  probes 
the  ultimate  N  =  1  limit  of  the  statistical  fine  structure  present  in  all  inhomogenous 
absorption  lines. 

* 

Present  address:  University  of  Bayreuth.  Bayreuth.  West  Germany 
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I.  Introduction 

Optical  absorption  lines  of  impurity  molecules  or  ions  in  a  solid  matrix  are  usually  subject 
to  inhomogeneous  broadening  ''  2  thereby  reflecting  various  imperfections  in  the  structure 
of  the  host  material.  The  inhomogeneous  distribution  can  be  roughly  described  by  a 
Gaussian  profile,  since  the  exact  position  of  each  individual  absorption  line  depends  on  many 
random  parameters,  namely  the  position  and  orientation  of  the  absorber  with  respect  to  those 
of  all  the  surrounding  molecules  in  the  matrix.  However,  as  has  been  demonstrated  recently 
a  closer  examination  shows  that  a  fundamental  statistical  fine  structure  (SI'S)  is 
superimposed  on  the  smooth  Gaussian  curve.  This  fine  structure  is  due  to  statistical 
fluctuations  of  the  number  of  individual  absorption  lines  from  one  frequency  interval  within 
the  inhomogeneous  distribution  to  the  next.  According  to  fundamental  laws  of  statistics,  the 
fluctuations  in  the  number  of  absorption  lines  per  homogeneous  linewidth,  Nn  ,  are  equal 
to  the  square  root  of  its  average  value, 

AN,,  =  %i/Nin  ,  (1) 

in  the  limit  N,,  >  >  1.  Since  the  absorption  coefficient  »  is  proportional  to  Nu  ,  the  SFS. 
which  corresponds  to  the  fluctuations  in  a.  is  largest  in  highly  doped  samples  and  at  the 
center  of  an  inhomogeneous  line  (as  long  as  the  concentration  is  not  too  large).  The  relative 
magnitude  of  the  SI'S,  ANn/N((,  on  the  other  hand,  incr  with  decreasing  impurity 
concentration,  f  inally,  at  extremely  low  concentrations  or  far  out  in  the  wings  of  an 
inhomogeneous  line,  the  absorption  spectrum  consists  only  of  individual  molecular  absorption 
lines,  so  that 

ANu-N,,.  (2) 

This  is  the  limit  Nn  <  <  1.  In  the  present  paper  we  show  that  ..bsoiption  signals  due  to 
single  molecules  in  a  solid  matrix  can  be  detected,  corresponding  to  the  attainment  of  the 
ultimate  N,,  —  I  limit  of  SI'S.  Our  model  system  is  pentaccnc  in  p-terphcnvl  single  crystals. 


In  the  past  few  years,  several  ultrasensitive  e\pe, intents  for  the  optical  detection  and 
spectroscopy  of  single  absorbers  in  various  environments  were  performed  Most  of  the 

work  was  concentrated  on  single  atomic  ions  confined  in  electromagnetic  traps  in  vacuum, 
for  example,  by  detecting  the  fluorescence  from  trapped  ions  slowed  bv  laser-cooling.  ;t 

•  .  b  "7 .  Q 

variety  of  interesting  quantum  jump  and  photon  anlibunching  phenomena  were  observed 
that  test  our  understanding  of  basic  atomic  and  quantum  phvsics.  I  or  the  ease  of  lie  .  it 
was  even  possible  to  determine  the  radiative  transition  rates  between  the  four  lowest  energy 
levels  from  the  quantum  jumps  of  a  single  ion  .  In  the  same  system.  Doppler  sidebands 
of'  one  specific  transition  in  a  single  ion  due  to  secular  motion  in  the  pscmiopotential  of  the 
rf  trap  were  detected  While  most  of  these  experiments  involved  the  measurement  of  the 
fluorescence  from  the  confined  ion,  a  successful  absorption  experiment  was  also  reported 

fn  condensed  matter,  the  experimental  techniques  for  detecting  single  absorbing  centers 
have  not  been  developed  as  far  as  for  the  case  of  trapped  ions  in  vacuum.  Important  early 
results  included  the  detection  of  single  viruses  and  bacteria  ’  and  single  protein  molecules 

|4 

with  multiple  chromophorcs  in  liquid  media  by  using  novel  optical  traps  and  hydrodynamic 
focusing  techniques,  respectively.  In  the  solid  state,  the  detection  of  the  fluorescence  signal 
from  as  few  as  five  Sm2‘  ions  in  a  Cal\  crystal  at  77K  at  a  single  fixed  frequency  has  been 
reported'  .  One  advantage  of  performing  ultrasensitive  optical  experiments  in  a  solid  is  the 
fact  that  the  absorbing  centers  arc  effectively  trapped  by  the  host  matrix  and.  therefore, 
inherently  show  “static”  behavior  without  any  Doppler  or  recoil  effects,  although  the  centers 
do  interact  with  host  phonons.  The  optical  spectroscopy  of  a  single  impurity  ion  or  molecule 
in  a  low-temperature  solid  could,  furthermore,  provide  a  new  tool  for  the  studv  of  local 

•1  I  * 

guest-host  interactions  without  the  conventional  averaging  over  as  manv  as  |0  to  10 
morc-or  less-equivalent  sites.  However,  detection  of  single  absorbers  in  a  solid  presents 
problems  not  present  in  the  ease  of  single  ions  in  vacuum,  for  fluorescence  experiments,  it 
is  difficult  to  detect  the  signal  from  a  single  absorber  in  the  Ravleigh  and/or  Raman 
background  fiom  tire  large  number  ( ID"7  —  I0's)  of  host  molecules  or  ions  m  the  piobmg 


volume.  In  order  to  circumvent  the  problem  of  Rayleigh  or  Raman  scattering,  we  used  two 
high-sensitivitv  /eto-background  forms  of  absorption  spectroscopy,  hiser  frc(|ucncy  Stark 
(I'M  Stark)  and  laser  frequency -ultrasonic  (I'M  I  S)  double  modulation,  which  arc  described 
in  the  next  section,  furthermore,  since  the  sample  must  be  kept  at  low  temperatures  in  a 
cryostat,  the  problem  of  mechanical  vibrations  and  or  slow  motion  due  to  thermal  expansion 
or  contraction  must  he  solved. 

One  crucial  issue  for  single-molecule  spectroscopy  in  solids  is  the  method  of  selection  of 
a  single  absorbing  center.  Successive  dilution  of  the  doped  host  material  is  one  method  of 
achieving  low  concentrations;  however,  we  chose  to  use  the  inhomogeneous  line  broadening 
effect  directly  as  shown  in  figure  I.  The  left  side  of  the  figure  shows  an  inhomogeneous  line 
composed  of  many  discrete  homogeneous  (usually  I.orcnt/ian)  absorption  profiles;  the  overall 
shape  of  the  inhomogeneous  line  is  Gaussian  in  many  cases.  At  a  laser  wavelength  near  the 
center  of  the  inhomogeneous  line,  many  molecules  arc  in  resonance  with  the  laser,  and  the 
absorption  profile  shows  the  characteristic  SI  S  reported  earlier'.  However,  far  out  in  the 
wings  of  the  line,  fewer  and  fewer  centers  arc  in  resonance  with  the  laser.  It  is  clear  that 
for  a  wavelength  sufficiently  far  from  the  line  center,  the  number  of  molecules  in  resonance 
within  the  focal  volume  can  be  reduced  to  one,  or  even  less  than  one.  This  is  the  method 
whereby  we  reduced  the  concentration  of  molecules  in  resonance  to  unity.  The  method  has 
the  advantage  that  by  tuning  the  laser  to  the  center  of  the  line,  strong  SI'S  signals  arc 
available  for  optimization  of  the  detection  conditions.  Then  bv  tuning  to  the  wings  of  the 
line,  single  molecule  spectra  can  be  obtained,  and  by  tuning  out  even  further,  a  background 
level  that  should  be  similar  to  an  undoped  sample  mav  be  recorded. 

In  the  following,  we  present  experimental  data  describing  the  optical  detection  and 
spectroscopy  of  individual  pcntaccnc  molecules  in  a  /Mcrphcnvl  single  crystal  at  I.5K.  first 
results  of  this  work  were  published  recently'  .  Section  II  describes  the  experimental  details, 


Section  III  the  theory  of  the  lineshapc  ami  the  expected  single-molecule  signal  si/c.  and 
Section  IN’  presents  the  results  and  discussion  of  our  measurements. 

II.  Experimental 

A.  Frequency  Modulation  Spectroscopy 

The  basic  spectroscopic  technique  that  we  used  Cor  the  detection  of  SI'S  and 
single-molecule  signals  is  frequency-modulation  (I  \H  spectroscope  (IMS).  a  low-background 
method  that  was  iirst  described  several  years  ago*  .  The  method  operates  bv  sensing  the 
conversion  of  a  frequency-modulated  light  beam  into  an  amplitude-modulated  beam  bv  a 
narrow  spectral  feature.  The  basic  operation  of  the  technique  is  illustrated  schematically  in 
figure  2.  I  irst.  a  single-frequency  (tunable)  laser  beam  is  passed  through  an  optical  phase 
modulator  (an  clcctrooptic  crystal  such  as  I.i  l'aO,)  which  is  fed  by  a  radio  frequency  (rf) 
source.  A  key  advantage  of  I  MS  is  that  the  modulating  frequency  o>m  is  in  the  Mff/ 
frequency  range  or  higher  so  that  the  laser  noise  at  <om  consists  in  most  eases  of  only 
quantum  shot  noise.  In  the  limit  of  low  rf  power  and,  hence,  low  modulation  index,  onlv 
two  sidebands  around  the  laser  carrier  frequency  o>c  located  at  ri>c±rnm  arc  appreciable  in 
amplitude.  One  of  these  sidebands  oscillates  in  phase  with  the  central  (carrier)  line,  the  other 
out  of  phase  by  ISO'3.  When  no  sample  is  present  to  disturb  the  equality  of  the  two 
sidebands,  the  beat  signals  at  r;tm  due  to  the  carrier  mixing  with  each  of  the  sidebands  at  the 
detector  cancel,  giving  no  signal  at  <nm.  This  is  simply  a  frequency-domain  statement  of  the 
fact  that  an  ideal  phase-modulated  beam  has  no  amplitude  modulation.  The  situation 
changes,  however,  when  the  light  passes  through  a  sample  containing  narrow  absorption 
features.  As  long  as  the  spectral  feature  is  not  much  wider  than  the  sideband  spacing,  the 
two  sidebands  arc  attenuated  by  different  amounts,  and,  as  a  result,  a  photocurrent  appears 
at  at  the  fast  photodetector.  Thus,  another  virtue  of  1  M  spectroscopy  lies  in  its 
sensitivity  onlv  to  narrow  absorbing  features  and  the  rejection  of  broad  signals,  for  example. 


IMS  is  capable  of  detecting  the  narrow  SI  S  structures  on  an  inhomogeneous  line,  but  is 
insensitive  to  the  broad  inhomogeneous  background  absorption  I  lie  modulated 
photocurrent  at  <nm  is  phase-sensitively  detected  using  a  rf  mixer,  lather  the  sample 
absorption  or  dispersion  may  be  probed  by  proper  choice  of  phase. 

There  is,  however,  a  serious  practical  limitation  to  the  sensitivity  of  a  real  I  M  experiment, 
namclv  residual  amplitude  modulation  (RAM)  in  the  modulator  crystal  or  in  other  optical 

components  which  causes  a  frequency-dependent  imbalance  in  the  two  sideband 

18  .  ..... 
amplitudes  1'his  phenomenon,  which  is  not  yet  understood  in  full  detail,  gives  rise  to 

spurious  rf  signals  in  the  photodetector  that  interfere  with  and  can  bury  weak  absorption 

signals  from  a  sample. 

A  number  of  methods  have  been  devised  to  overcome  the  RAM  problem.  Some 

j  9 

approaches  use  external  techniques  such  as  special  polarization  schemes  or  optical  nulling 
of  RAM  in  a  double-beam  configuration’ ",  whereas  another  approach  is  based  on  an 
additional  internal  modulation  of  the  absorption  lines  under  consideration,  lienee  the  name, 
double  modulation.  An  example  of  the  latter  principle  is  t he  photochemical  modulation  of 
the  Schuler  absorption  bands  of  Nl),  in  conjunction  with  IMS  .  Very  recently,  an  internal 
Stark  effect  modulation  of  the  absorption  lines  was  used  in  an  I'M  experiment  to  detect 
transient  holes  and  SI  S  in  the  R,m  transition  band  of  (V’  ions  in  alexandrite  .  In  our 
single-molecule  detection  (SMI))  experiment,  we  also  user!  either  of  two  internal  secondary 
modulation  techniques  for  suppressing  RAM.  flic  first  method  (f  M  Stark)  involves  a  Stark 
effect  modulation  similar  to  that  described  in  Ref.  5.  whereas  the  second  one  (I  M  l  S)  uses 
ultrasound  of  different  polarizations  and  frequencies  to  periodically  shift  the  absorption  lines 
in  the  sample.  Previously,  ultrasonic  modulation  (without  IMS)  was  applied  to  the  sensitive 
detection  of  shallow  persistent  spectral  holes 


B.  experimental  Configuration 


Became  of  the  difficulty  of  single-molecule  detection,  the  experimental  apparatus  will  he 
described  thoroughly.  I  lie  optical  set-up  and  the  common  electronic  components  of  our 
apparatus  arc  shown  in  figure  T  The  radiation  from  an  activelv  stabilized,  tunable 
single-mode  cw  dye  laser  I'M  (Coherent  s0')-21)  with  an  effective  linewidth  ol'about  2- a  Mil/ 
was  first  passed  through  an  aniplittuie  stabilizer  AS  (Cambridge  Research  1  S-100)  for 
reduction  of  low-frequency  power  fluctuations.  This  was  nevessarv  because  actual  signals 
and  or  RAM  shift  the  low-frequency  laser  fluctuations  up  to  ri-T1<  even  though  in  the  absence 
of  any  signal  or  RAM  the  background  in  IMS  is  near  the  shot-noise  limit.  Next,  the  beam 
was  focussed  through  the  electro-optic  phase  modulator  I  ()  (Crvstal  fechnoiogv  Model  61  On, 
containing  three  I  i TaO  crystals).  T  he  radio  frequency  used  to  drive  the  phase  modulator 
was  generated  by  a  precision  rf  oscillator  RIT  (Marconi  Instruments  20 1  A )  whose  output 
was  split  by  a  two-way.  n"  power  splitter  PS.  One  output  port  of  the  splitter  was  connected 
to  the  phase  modulator  through  an  rf  phase  shifter  </>  and  a  tunable  rf  power  amplifier  A 
(Hewlett-Packard  230B),  while  the  other  port  provided  the  local-oscillator  signal  1.01  for  the 
mixer  in  the  fust  demodulation  step  (sec  below).  I  he  rf  frequencies  used  ranged  between 
and  I  no  MHz.  and  the  f  M  modulation  index  was  adjusted  to  approximated  0.8. 

from  the  phase  modulator,  the  laser  light  was  bounced  off  a  confocal  fabrv-Perot  etnlon 
1  PI  (  Propel  240  with  1.5  (ill/  I  SR),  flic  narrow  absorption  fringes  of  this  ctalon  provided 
a  strong  IM  signal  which  was  used  for  optimizing  the  alignment  of  the  photodetector  pm 
and  for  measuring  the  detection  sensitivity  of  the  apparatus.  During  the  actual  SMI) 
measurements,  the  resonances  of  the  ctalon  were  placed  outside  the  0.5  or  I  (ill/  wide  laser 
scan  range,  and  the  ctalon  simply  acted  as  a  mirror.  A  Prcsnel  rhomb  polarization  rotator 
PR  after  the  ctalon  provided  the  possibility  of  rotating  the  polarization  .axis  of  the  linearly 
polarized  light  in  .any  direction  for  matching  the  transition-dipole  axis  of  the  aligned  live 
molecules  in  the  sample.  At.  this  point,  a  beam  splitter  BS  split  off  a  reference  beam  whiih 


was  necessary  for  correct  adjustment  of  the  rf  phase  (see  below).  The  sample  beam  entered 
t lie  ervostat  and  was  Incused  onto  the  sample  S,  which  was  kept  at  1 . 5 K  in  superlluid  helium. 

In  the  carle  stage  of  the  SMI)  experiments,  we  used  a  high-quality  achromatic  doublet 
lens  with  75  mm  local  length  located  outside  the  cryostat  for  focussing.  However,  with  this 
method  we  observed  single-molecule  signals  which  changed  on  the  time  settle  of  a  few  minutes 
and  therefore  exhibited  poor  reproducibility.  We  believe  that  the  sample  holder  mounted  at 
the  lower  end  of  a  stainless-steel  rod  inside  the  cryostat  was  subject  to  slow  creeping  motion 
resulting  from  thermal  expansion  as  the  level  of  the  superfluid  helium  in  t lie  sample  chamber 
went  down.  Therefore,  a  single  molecule  originally  in  focus  in  the  micron-sized  focal  volume 
wandered  out  of  the  laser  focus  within  a  few  minutes.  We  solved  this  problem  by  replacing 
the  focussing  achromat  lens  with  a  small  0.47  numerical  aperture  (N'A)  three-clement  lens 
of  4.2  mm  focal  length  (Olympus  AV4647-3)  designed  for  application  in  optical  storage 
devices,  which  was  mounted  on  the  sample  holder  inside  t lie  superlluid  helium.  In  this  case, 
thermal  motion  caused  the  focussing  lens  to  move  together  with  the  sample,  so  that  the 
motion  of  the  focal  spot  relative  to  the  sample  was  only  of  second  order.  Using  this 
configuration  it  was  possible  to  observe  a  single  molecule  for  more  than  an  hour.  Since  the 
focal  length  of  the  lens  slightly  changed  between  room  temperature  and  1.5K,  we  found  it 
favorable  to  have  the  possibility  of  adjusting  the  distance  between  lens  and  sample  inside  the 
cryostat.  We  achieved  this  by  mounting  the  lens  on  a  strip  of  thin  stainless-steel  shim  stock, 
one  end  of  which  was  rigidly  connected  to  the  sample  holder,  while  the  other  free  end  carried 
a  small  CoSm  magnet.  A  small  coil  was  mounted  on  the  sample  holder  adjacent  to  the 
magnet.  By  adjusting  the  current  through  the  coil  it  was  possible  to  move  the  lens  over  a 
distance  of  roughly  2  mm  in  the  superlluid  helium.  The  light  transmitted  through  the  sample 
was  focussed  onto  a  fast  Si  avalanche  photodiode  (R(\A  (A0f)50T  with  integral  preamplifier). 

I  hc  light  beam  reflected  off  the  first  beam  splitter  was  used  to  generate  a  reference  I'M 
signal  with  the  same  rl  phase  as  that  of  spectral  features  in  the  sample.  The  reference  beam 


was  hi  unced  off  another  conlocal  I  ahrv -Perot  etalou  |  I’lR  i  ‘-nine  model  .is  !  I’D.  anil  the 
outgoing  Ream  wai  directed  to  a  second  identical  avalanche  photodetcctor  PDl  R  by  means 
of  a  second  beam  splitter,  (  are  was  taken  to  match  the  light  paths  from  the  lirst  beam 
splitter  to  the  sample  and  to  I  I’lk  as  well  as  from  either  of  these  points  to  the  respective 
photodetectors  to  within  a  small  fraction  ol  the  rf  wavelength.  In  addition,  the  detection 
electronics  behind  the  photodetectors,  which  is  described  in  the  following  paragraph,  was 
made  as  identical  as  possible  up  in  the  first -static  mixers.  In  this  wav.  bv  observing  the 
strone  I  M  signal  from  the  resonance  fringes  of  j  PI  R.  it  was  possible  to  easily  adjust  the 
desired  phase  ol  the  rf  used  for  drome  the  [()  modulator  I  his  was  crucial  for  recognizing 
and  interpietmg  the  line  shape  of  the  single  molecule  signals  (see  below).  After  adjustment 
of' the  rf  phase,  the  light  path  to  I  PIR  was  blocked  between  the  two  beam  splitters  in  order 
to  rule  out  any  possible  influence  of  the  oack-rcllcction  from  the  etalon  on  the  light  in  the 
sample  path.  In  both  paths,  the  light  intensity  could  be  adjusted  independently  by  using 
combinations  oj  fixed  and  variable  neutral  density  attenuators  V.\. 

flic  detection  electronics  used  in  the  IM  Stark  and  I  \1  I  S  experiments  is  depicted  in 
Figs.  4(a)  and  4(b).  respectively,  Cp  to  the  fust  stage  mixers  Ml,  the  set-up  was  identical 
in  both  cases,  the  signals  from  the  two  photodctcctors  were  first  fed  through  -2<klB 
directional  couplers  DC.  I  he  -^Kill-port  ol  the  coupler  in  the  sample  path  was  connected 
to  an  rf  spectrum  analyzer  SA  (IIP  S5(H)A)  for  diagnostics,  whereas  in  the  reference  path  the 
-  2(  >cl  li  -  port  was  terminated  m  a  5(ti2  load  I.  The  spectrum  analyzer  allowed  observation  of 
the  intcrmodiilation  signals  at  sums  and  dillercnces  between  the  rf  modulating  frei|uencv  and 
the  s ye o ti d a r y  internal  modulation  frcijticncv.  I  his  signal  allowed  optimization  ol  the  position 
of  the  locus  ol  die  small  lens  in  the  cryostat  t see  below)  After  the  directional  couplers  the 
stL’tiils  passed  thront’l)  ai  \|||/  Inch-pass  filters  HIM  to  suppress  low-IVcquencv  signals  that 
mishit  arise  from  overall  amplitude  variations  ol  the  light  in  the  sample  due  to  the  socondatv 
moilulation.  Nliclit  periodic  chances  in  the  sample  transmission  could  arise  from 
electrosti ic i uni  elh’cts  m  the  case  of  Statk  modulation  and  from  compiessmn  and  tauTacfion 


in  the  case  of  the  1'..  experiment.  I  he  filtered  signals  were  led  into  the  if  ports  of  matched 
double-balanced  mixers  Ml  (Mini-Circuits  /IM-21  which  performed  the  first-stage 
demodulation  (with  respect  to  the  I'M).  The  local-oscillator  signal  1.01  for  these  mixers  was 
provided  hv  the  Marconi  20 1  (C \  generator  (see  above)  and  split  into  equal  pans  bv  a 
two-way,  o'  power  splitter  PS.  The  intermediate-frequency  port  of  the  mixer  in  the  reference 
path  w  as  connected  to  a  custom-built,  low-noise  post-mixer-preamphfier  PM  PA  HI.  and  the 
amplified  FM  signal  of  the  resonance  fringe  from  ctalon  1  P1R  was  observed  on  an 
oscilloscope  O.  I  his  signal  was  used  to  adjust  the  rf  phase.  I  he  further  processing  of  the 
output  of  the  mixer  in  the  sample  path  was  different  for  the  IMStark  and  the  I'M  I  S 
method. 

For  the  1  M  Stark  scheme,  the  sample  was  mounted  between  two  sapphire  plates  coated 
with  transparent  but  conducting  indium-tin-oxide  (ITO)  coatings  on  their  inner  surfaces.  A 
custom-built  AC  11V  power  supply  provided  bipolar  oscillating  Stark  voltages  of  up  to  1600V 
pk-pk  at  frequencies  between  2  kHz.  and  5  kHz.  Wc  used  two  different  waveforms  for  this 
voltage,  namely  either  a  sinusoid  or  a  bipolar  square  wave  (see  Fig.  4a).  Since  pemacenc  in 
a  p-tcrphcnyl  host  crystal  exhibits  a  quadratic  Stark  effect'  .  the  sccond-stcp  demodulation 
of  the  signal  (with  respect  to  the  Stark  field)  was  performed  with  a  lock-in  amplifier  FfA 
flthaco  .193A)  at  twice  the  modulating  frequency.  Therefore,  the  output  of  the  mixer  Ml  in 
the  sample  path  was  first  amplified  using  another  home-built  post-mixer  preamplifier  (PMl’A 
H2)  and  fed  into  the  lock-in.  The  demodulated  signal  was  finally  stored  in  a  digital 
oscilloscope  fa  Data  Precision  6100  waveform  analy/cr  with  a  1 00  kll/,  14  bit  digitizing 
plugin).  Parallel  to  the  demodulation  in  the  lock-in.  the  output  of  PMl’A  2  was 
bandpass-filtered  (0.  l-’oo  ][/)  and  fed  into  an  oscilloscope  O.  In  this  way  it  was  possible 
to  observe  the  strong  SI  S  at  the  center  of  the  inhomogeneous  line  in  simple  1  M  without 


secondarv  modula’ion. 


-lo¬ 
in  the  I'M  rs  experiment,  the  sample  was  bonded  to  a  PZT  or  quart/  transducer  lor 

application  of  either  longitudinal  or  shear  waves;  the  cigcnfrcqucncics  of  the  transducers 
ranged  between  2  Mil/  and  5  Mil/.  The  transducers  were  driven  bv  the  output  of  a 
synthesized  rf  generator  RI  2A  (Hewlett-Packard  3325A)  (sec  big.  4(b)).  in  this  ease,  tire 
absorption  lines  were  shifted  linearly  with  the  applied  stress  field,  and  the  second-step 
demodulation  had  to  be  performed  at  t he  modulating  frequency  with  another  rf  mixer. 
Therefore,  the  output  of  the  first-stage  mixer  Mi  was  split  by  a  resistive  power  splitter  RPS, 
one  of  whose  output  signals  was  narrow-band  amplified  around  the  I  S  frequency  by  a  chain 
of  bandpass  filters  li PI'  and  an  rf  signal  amplifier  A  (  fronted!  W50K).  In  the  ease  depicted 
in  Fig.  4(b)  an  ultrasonic  frequency  of  2  Mil/  was  utilized.  The  amplified  signal  was  fed  into 
the  rf  port  of  the  second-stage  mixer  M2  (Mini-Circuits  XFM-.M.  whose  local-oscillator  signal 
was  provided  by  a  second  rf  generator  RI  2  which  was  phase-locked  to  RF2A.  The  output 
of  M2  was  amplified  by  PMPA  HI.  bandpass-filtered  and  stored  in  the  digital  oscilloscope 
DO.  fhc  second  output  signal  of  the  resistive  power  splitter  was  directly  amplified  by  PMPA 
ti  I,  bandpass-filtered  and  fed  into  an  oscilloscope  O  for  the  observation  of  strong  SIS  signals 
in  simple  I'M. 

For  recording  SI  S  or  SMI),  tiic  laser  was  scanned  continuously  over  a  frequency  interval 
between  0..S  and  1  ( ill/  in  width,  and  the  scans  were  averaged  in  the  digital  waveform 
analyzer  DO.  One  final  trace  was  obtained  by  averaging  usually  128  or  512  single  scans. 

In  most  of  the  experiments  the  laser  scan  rate  was  adjusted  to  the  fastest  possible  value  of 
0.25  s  scan.  Thus  the  final  detection  bandwidth  was  controlled  by  the  final  bandpass  filter 
or  the  lock-in,  modifi  m  ■  v  the  number  of  averages. 

C.  Sample  Character'  v 

The  low-temperature  electronic  absorption  spectrum  oT  pcntaccnc  in  p-terphenyl  is  known 
to  consist  of  four  inhomogeneous  |S,  >  «-  |  Sn  >  site  origins  of  almost  equal  width  and 
infensitv.  corresponding  to  pcntaccnc  substitution  of  each  of  the  four  inequivalent 
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^-tcrphcnyl  molecules  m  the  low-temperature  unit  cell  .  Ciencrally,  these  inhomogeneous 
absorption  lines  arc  referred  to  as  (),  to  O,  in  the  order  of  increasing  transition  energy, 
file  two  longest-wavclength  origins  (),  ami  (),  arc  centered  around  502.32  tint  and  502.18 
run,  respectively,  whereas  the  transition  wavelengths  of  O,  and  O,  are  about  4  nm  shorter. 
Since  the  inhomogeneous  widths  of  all  four  bands  arc  ~  40  (ill/  (0.05  nm),  O,  and  O,  have 
a  slight  overlap,  but  arc  well  sepnraud  r,nni  the  next  origin  (),  .  l  or  this  reason, 
single-molecule  spectra  could  only  he  recorded  at  the  long-wavelength  edge  of  (),  and  at  the 
short-wavelength  edge  of  ()2 ,  but  not  in  between  them.  No  attempt  at  SMI)  was  made  in  O, 
and  ()j  ,  since  these  two  lines  showed  only  weak  and  broad  SI'S  features  in  a  previous 

4 

study  .  probably  due  to  higher  ISC  rates  and  longer  triplet  lifetimes. 

Sublimed  pcn'  tcenc  and  /one-refined  />-tcrphcnyl  were  used  for  sample  preparation,  hirst, 
the  dopant  and  the  host  were  mixed  and  prc-mcltcd  to  achieve  good  dispersion  of  the  dopant. 
Single  crystals  were  grown  from  the  doped  mixtures  using  the  Bridgman  technique.  The 
actual  samples  were  cleaved  from  the  Bridgman  boulc  and  had  thicknesses  of  100-200  /an. 
l  or  singlc-molcculc  detection,  the  dye  concentration  was  chosen  between  2  x  10  7  and 
1  x  10  *  molc/molc.  In  order  to  compare  the  line  shapes  obtained  in  SMI)  to  those  of  similar 
but  stronger  signals,  we  also  burned  persistent  spectral  holes  and  detected  them  both  in 
simple  I'M  and  in  I  M 'Stark  double  modulation.  Since  the  hole-burning  efficiency  is 
cv'T^mcly  low  in  this  system  ’  ,  we  used  samples  oT  higher  concentrations  (typically 
2.5  x  10  r'  mole,  mole)  for  t he  hole-burning  studies. 


III.  Theory 

A.  Line  Shape  of  Single-Molecule  Signal  in  Double  Modulation 


In  this  section,  we  present  a  simple  theory  for  the  detected  shape  of  a  l.orcnt/ian 
absorption  line  in  our  double-modulation  experiment.  I  he  calculation  is  applicable  to 
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singic-molcculc  lines  as  well  as  to  spectral  holes,  as  lone  as  the  modulation  index  is  less  than 
unitv.  In  order  to  generate  explicit  expressions,  we  specifically  consider  the  ease  of  IMIS 
double  modulation  with  a  linear  dependence  of  the  molecular  line  shift  on  the  ultrasonic  field. 
I  he  extension  of  the  calculation  to  the  eases  of  linear  or  quadratic  Stark  effect  modulation 
is  straightforward,  and  the  resultant  line  shapes  arc  identical  in  ail  these  eases,  as  long  as  the 
line  shift  is  less  than  the  homogeneous  width. 

We  begin  with  the  detector  photocurrent  in  a  simple  I'M  experiment.  .According  to 
well-known  I'M  theory1',  the  detector  photocurrent  I,,  is  given  by 

ld  ex-  I  4  (<>_  -  bf)M  cos  rnmt  4  b/>,  t  </>_  -  2</>„)M  sin  ■  (M 

In  this  equation.  i:n  and  M  arc  the  electric  field  strength  and  the  I'M  modulation  index. 
r;»m  is  the  modulation  frequency,  and  <>„  ,  n  .  <>,  (</>,„  <b  .  </>.)  tire  the  electric  field  absorption 
(dispersion)  signals  of  the  sample  at  the  frequencies  of  the  carrier  and  the  lower  and  upper 
sideband,  respectively.  liquation  (’)  is  valid  in  the  limit  of  small  modulation  index  and  small 
differences  in  the  absorption  and  dispersion  values  at  the  three  frequencies:  M,  |  —  <i,l. 

|  -  f>  |.  | </>0  -  I f/>„  -  f/>  |  <<  I.  flic  effect  of  the  first-stage  mixer  is  to  multiply  Id 

by  the  local  oscillator  1,01  which  oscillates  as  cos(«>mt  -I-  ft),  where  ft  is  the  rf  phase  difference 
between  Id  and  the  local  oscillator  at  the  position  of  the  mixer.  By  proper  low-pass  filtering, 
we  need  consider  only  the  “baseband"  signal  at  the  If  port  of  the  mixer,  given  by 

I,  -  y  M f^'HbL  -  d , )  cos  ft  -  (,/. ,  f  <b  .  2d>„)  sill  d] .  (4) 

Bv  proper  choice  of  0  it  is  possible  to  pick  either  the  pure  absorption  ("S,  ft  —  0)  or  the 

M 

pure  dispersion  CS,";  ft  —  rr/2)  signal  ol  the  sample  . 

In  the  following  we  calculate  the  double-modulation  line  shape  for  a  I.orcnt/ian 
absorption  line  with  height  .imrn.  full-width  at  half-maximum  (I  WIIM)  2f.  and  center 
fic(|ucncy  7, 7,  which  has  the  following  form: 


(5a) 
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S(m)  =  <5max7rri.r(rn  -  o>) 


=  Smiix7t(a)  -  5>)Lr(«>  -  <i>)  (5h) 

with  the  normalized  I.orcntzian  defined  hv 

!.,  («>  -(!>)  =  (r/7r)[(ft»  -  m)2  +  T2]'1  .  (6) 

We  assume  that  the  secondary  US  modulation  causes  a  sinusoidal  oscillation  of  the  center 
frequency  o>  at  frequency  roA.  Then,  for  instance,  the  absorption  signal  at  the  lower  FM 
sideband  is  given  by 


<5_(t)  =  ()max7tn.r[(i>c  -  (om  —  o>(  1  +  m  cos  o.At)]  . 


(?) 


with  o)c  being  the  frequency  of  the  (light)  carrier.  We  restrict  ourselves  to  the  ease  that  the 
amplitude  m  of  the  oscillation  is  small  compared  to  the  linewidth  and,  hence,  we  perform  a 
Taylor  expansion  of  Fq.  (7)  up  to  first  order  in  m. 

<L(t)  «  -  dmax^rFim  cos(«rAt)I/r(<i)c  -  o)m  -  <7>),  (S) 

where  the  prime  denotes  the  derivative  of  the  I.orcntzian  with  respect  to  its  argument  and 
(5°  =<5  (m  =  0).  A  similar  expansion  can  be  done  Tor  the  upper  sideband  absorption  signal 
and  for  all  three  dispersion  terms.  In  the  pure  S,  phase  (0  ~  0),  the  signal  at  the  I  port 
of  the  first  mixer  oscillating  at  o>A  is  then  given  by 


1,(0  -  0)  =  -L  MFVM"{(/  -  ,f+)  -  cos(r.»At) 

r  L (f')c  -  0)m  -  0>)  -  F'r  (eic  +  o>m  -  w)]}  . 


(<>) 
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In  the  second-stage  mixer,  this  function  is  multiplied  by  the  I  S  local  oscillator, 

cos(«)At  4-  i y)  .  Picking  again  only  the  slowly  varying  “baseband’’  term  leads  to  the  following 

form  of  the  double-modulation  signal  in  the  absorption  ( S , )  phase: 


h(d  -  0)  =  m.Vf!:,^niaxr2cuc  7*n  cos  i [/< 


u>c  +  o>m  -  in 


(o)c  f  r/)m  -  in)2  +  r"]2 


(10) 


[K  -  <f,m  -  «'»)2  +  r2]2 


In  order  to  obtain  maximum  sigm  1  amplitude,  the  phase  ■  ji  of  the  local  oscillator  at  the 
second-stage  mixer  must  be  properly  adjusted;  however,  in  contrast  to  the  situation  at  the 
first-stage  mixer,  a  detuning  of  0  from  the  optimal  value  only  causes  a  decrease  in  signal  (or 
a  sign  change)  and  docs  not  give  rise  to  a  change  of  the  line  shape. 


In  an  analogous  way  to  the  absorption,  the  dispersion  or  S3  signal  at  the  output  of  the 
second  mixer  can  be  calculated.  We  start  out  by  picking  0  =  -y  in  f:q.  (4)  and  inserting 
approximations  for  the  time-dependent  </>  values  similar  to  Pq.  (8).  The  “baseband”  signal 
at  the  output  of  the  second  mixer  becomes 


mMlin  <5maxr  o>c  2  ,(1  cos  i // 

(o)c  +  (Dm  -  in)2  ~  f2 
[K  f  o)m  -  7n2  t-  r2]2 


[K-ruj'  +  r2]2 

(o’c  -  n>m  -  m)2  -  T2 

[K  ~  ">.n  -  ^)2  +  r2]2 


(in 


Plots  of  liqs.  (10)  and  (II)  for  two  different  linewidths  T  as  well  as  the  corresponding  signal 
shapes  in  simple  I  M,  for  comparison,  arc  shown  in  Pig.  5.  flic  characteristic  features  of  the 
double  modulation  signal  in  S,  phase  [I:.q.  (10),  Pigs.  5(c),  5(d)]  arc  a  large  positive  and  a 
large  negative  slope,  centered  around  the  real  position  <n  of  the  absorption  line  and  separated 
by  twice  the  I  M  modulating  frequency  o»m.  This  “W”-likc  shape  may  change  into  an  “M". 
if  either  of  the  phases  0  or  >//  is  shifted  by  n.  The  dispersion  signal  [Pq.  (II),  Pigs.  5(g), 


5(h)],  on  the  other  hand,  is  characterized  by  a  large  positive  peak  at  <7>  and  two  smaller 
negative  peaks  (of  half  the  amplitude  of  the  central  peak)  at  <77  +  o>m.  Again,  the  overall  sign 
of  this  line  shape  may  change,  depending  on  0  and  <//.  The  amplitude  of  the  dispersion  signal 
is  bigger  than  the  absorption  signal,  the  quotient  between  the  maximum  values  being 
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3V3 


«  3.1  . 


(12) 


Nevertheless,  we  found  it  more  favorable  to  choose  the  S,  phase  in  our  SMI)  experiments, 
since  the  “W"  (or  “M")  line  shape  is  simpler  and  easier  to  recognize,  especially  in  a 
background  of  other  out-of-focus  weak  single-molecule  signals  (see  below). 


B.  Estimated  Amplitude  of  Single-Molecule  Signals 

Generally,  the  (power)  absorbance  of  a  center  with  peak  cross  section  a  in  a  light  beam 
of  area  A  is  given  by 

(Aa)L  =  <r/A  .  (13) 

Therefore,  the  detection  of  single  molecules  should  be  easiest  for  molecules  with  strong 
absorption  lines  (large  a )  and  a  tightly  focussed  laser  beam  (small  A).  For  pcntaccnc  in 
p-tcrphcnyl  the  transition  dipole  moment  of  the  purely  electronic  |  S,  >  <-  |  Sn  >  transition  in 
the  (),  site  was  measured  to  be  0.711)  2?,  and  the  1.8K  linewidth  (FW1IM)  of  the  (),  and 
02  sites  was  determined  to  he  7.8  MHz  and  7.3  Mllz,  respectively  .  This  results  in  values 
for  the  peak  absorption  cross  section  a  of  9.3  x  10  12  cm2  and  9.9  x  10  12  cm2,  using  a 

29 

standard  formula  given  by  llilborn  .  From  measurements  of  the  light  power  transmitted 


through  small  pinholes,  the  focal  waist  diameter  of  our  laser  beam  was  estimated  to  be 
roughly  3  /<tn.  Using  this  value  and  <7  —  9.3  x  10  12  cm2  Tor  the  (),  site,  we  obtain  a 
theoretical  signal  amplitude  of  (Aa)I.  =  1.3  x  10  4  . 
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In  this  calculation,  it  was  assumed  that  there  is  no  power  broadening  of  t lie  molecular 
absorption  line.  In  a  tightly  focussed  laser  spot,  on  the  other  hand,  it  is  relatively  easy  to 
achieve  the  conditions  of  power  broadening,  especially  in  optical  three-level  systems  which 
have  a  long-lived  bottleneck  such  as  the  lowest  triplet  state  |  T,  >  in  between  [  S ,  >  and 
|  S0  >  .  According  to  Ref.  30,  the  light-power-dependent  linewidth  of  an  optical  three-level 
system  is  given  by 


Av 


h  — 


£ 

n 


(14) 


A 

where  £  is  the  phase  relaxation  time  and  K2  =  £(2  +-  A)/2T2K2 .  In  the  latter  expression,  y 
denotes  the  (light-dependent)  Rabi  frequency,  A  =  £,/£,  is  the  quotient  between  the 
transition  rates  into  and  out  of  the  bottleneck  state,  and  K 2  =  kri  +  k,,  is  the  total  decay  rate 
of  the  excited  singlet  state  |  S ,  >  (which  is  equal  to  the  inverse  fluorescence  lifetime).  The 
critical  light  intensity  I,a(  at  which  power  broadening  begins  can  be  calculated  by  setting 

A 

K2T2^=  1  .  This  leads  to  the  expression: 


salPI-S  “  rCicnh  2 

H]2(2  +  A)  1 2 


K, 


(15) 


2A  1 1 

For  pentaccne  in  /r-terphcnyl,  we  insert  the  values  '  K2  —  4.26  x  l(Vs  ', 
qf2(2  +  A)  =  4.3  x  10  ^  C2  m2,  f2  —  41  ns,  and  we  obtain  the  saturation  intensity 
Katois  =  71  mW/cm2. 


If  the  bottleneck  state  is  not  taken  into  account,  the  saturation  intensity  for  a  two-level 
svstem  reads 


I  cm.  2  is  -  r.„c„h 


Mi' 


I  1  2 


(16) 


This  formula  is  obtained  from  Fq.  (15)  by  replacing  K7  by  the  inverse  fluorescence  lifetime 
I,1  and  setting  A  —  0  .  In  the  ease  of  pentaccne  at  1.5  K  the  value  is  F1i:iS-  1.1  W/cm2. 
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In  order  to  obtain  an  acceptable  signai-to-noisc  ratio,  we  performed  most  of  our 
measurements  with  a  light  power  of  0.3  /AV.  At  this  value,  the  total  intensity  in  the  3  fit n 
diameter  focal  spot  is  4.2  W/cm2  (i.c.,  0.85  W/cm2  in  one  sideband).  Since  the  absorption 
cross  section  decreases  in  the  case  of  saturation  as  22 

"7) 

we  would  expect  a  peak  n  value  of  only  7.2  x  10  13  cm2  .  if  the  molecule  behaved  as  a  usual 
three-level  system.  An  absorption  line  this  weak  is  hardly  observable  even  with  our 
ultrasensitive  apparatus.  Our  experimental  single-molecule  spectra,  on  the  other  hand, 
correspond  to  a  values  on  the  order  of  4.9  x  10  12  cm2  (see  Section  IV),  which  is  closer  to 
the  theoretical  value  if  the  (higher)  two-level  saturation  intensity  is  inserted  in  Hq.  (17). 
Although  the  absolute  measurement  of  absorption  strength  is  very  difficult,  this  comparison 
provides  evidence  for  the  possibility  that  the  singlet-triplet  transition  rates  of  molecules  in 
highly  strained  sites  (which  absorb  far  out  in  the  wings  of  the  absorption  line)  are  different 
from  those  in  equilibrium  sites  near  the  center  of  the  inhomogeneous  line. 

In  the  above  calculation  we  used  quantities  such  as  the  phase  relaxation  time  and  the 
transition  rates  between  the  energy  levels,  which  arc  usually  defined  (and  measured)  for  an 
ensemble  of  many  molecules.  Therefore,  the  question  arises  whether  or  not  these  quantities 
arc  meaningful  in  the  case  of  one  single  absorber  in  resonance.  A  crucial  feature  of  our 
experimental  conditions  is  that  we  do  not  probe  single  quantum  jumps  in  the  molecule  but 
perform  the  experiment  under  conditions  where  many  transitions  between  its  energy  levels 
occur  during  the  observation  time.  Therefore,  time-averaged  measurements  on  a  single 
absorber  arc  meaningful  and  (by  the  crgodic  theorem)  would  be  expected  to  provide  the  same 
information  as  an  ensemble  of  many  molecules  in  essentially  identical  surroundings. 
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IV.  RESULTS  AND  DISCUSSION 

A.  FM I  Stark  Measurements 

Persistent  Spectral  Holes 

In  order  to  compare  the  theoretical  line  shapes  of  an  I  M /double  modulation  experiment 
to  real  experimental  waveforms  provided  by  a  strong  Lorcnt/ian  spectral  feature  in  the 
sample,  we  performed  measurements  on  persistent  holes  burnt  near  the  center  of  the  O,  band 
of  a  more  heavily  doped  (2.5  x  10  6  mole, 'mole)  pcntaccnc/p-terphenyl  mixed  crystal.  Such 
studies  also  verified  that  our  external  electric  Held  strength  values  were  sufficient  to  shift  the 
absorption  lines  by  a  noticeable  fraction  of  the  homogeneous  linewidth.  The 
pentaccnc/p-tcrphcnyl  system  exhibits  persistent  spectral  hole-burning  although  the  efficiency 

?  4 

is  extremely  low"  The  mechanism  is  not  yet  fully  understood,  but  since  the  holes  arc 
observed  to  decay  on  a  time  scale  of  several  minutes,  v/c  suggest  that  the  mechanism  involves 
a  flip  of  the  central  phenyl  ring  of  a  nearby  p-tcrphcnyl  molecule  from  its  normally  cocked 
position  to  another  mctastable  orientation.  In  effect,  certain  pcntaccnc  molecules  may  be 
coupled  to  a  nearby  two-level  system.  For  the  hole-burning  experiments,  we  took  the  small 
optical  storage  lens  out  of  the  cryostat  and  adjusted  the  diameter  of  the  laser  beam  hitting 

4 

the  sample  to  ~  1  mm  in  order  to  reduce  the  SFS  signal  and  obtain  a  smoother  baseline  . 

Figure  6  shows  four  traces  of  a  hole  in  simple  FM  spectroscopy  (S,  phase),  which  was 
burnt  near  the  center  of  the  O,  line  at  592.328  nm.  To  burn  the  hole,  we  irradiated  with 
a  light  power  of  30  /<W  for  10  minutes  with  no  phase  modulation  of  the  laser  light  and  no 
electric  field  applied  to  the  sample.  For  recording  the  spectra,  the  light  power  was  reduced 
to  3  /t\V,  and  64  scans  were  averaged.  Trace  (a)  shows  the  hole  immediately  after  burning 
with  no  voltage  applied,  flic  signal  clearly  shows  the  typical  S,  FM  line  shape  of  a 
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l.orent/ian  spectral  feature  .  The  linewidth,  however,  is  much  larger  than  twice  the 
homogeneous  linewidth  of  15.6  Mil/  although  the  light  intensity  in  the  dcfocuscd  laser  spot 


was  only  about  4  mW  cm"  during  burning  which  is  well  below  the  saturation  limit  (see 
Section  III).  The  reason  may  be  due  to  the  nonphotochcmical  nature  of  the  hole-burning 
mechanism  or  perhaps  a  slight  heating  of  the  sample  due  to  the  high  total  light  energy 
required. 

The  traces  (h),  (c).  and  (d)  in  big.  6  show  subsequent  scans  over  the  same  hole  with  dc 
fields  of  28  kV  cm,  45  kV'em.  and  0  kV/cm.  respectively,  applied.  Trace  (d)  was  taken  at 
the  end  of  this  series.  The  comparison  between  (a)  and  (d)  shows  that  there  is  a  substantial 
decrease  in  hole  area  within  a  few  minutes,  corresponding  to  a  back-reaction  of  the 
photoproduct.  In  traces  (b)  and  (c)  which  were  recorded  with  electric  dc  fields  applied,  the 
hole  is  slightly  shifted  to  lower  frequencies  and.  moreover,  it  is  substantially  broadened.  Both 
the  red  shift  and  the  broadening  arc  reversible  and  disappear  when  the  field  is  turned  off  (see 
trace  (d)).  For  pcntaccne  in  p-tcrphcnyl,  the  Stark  shifts  were  measured  previously  ”  and 
red-shift  values  of  1.40  x  10  6  cm  ',  4.38  x  10  6  cm  ',  and  .5.33  x  10  *  cm'1  were  reported  for 
an  electric  field  strength  of  1  kV/cm  applied  along  the  crystallographic  a,  b.  and  c  axis, 
respectively.  At  a  field  strength  of  45  kV/cm,  this;  would  correspond  to  a  shift  between  85 
MHz  and  320  Mil/,  depending  on  the  crystal  orientation.  The  actual  shift  measured,  on  the 
other  hand,  is  only  ~  100  MU/.  Thus,  it  seems  that  the  field  strength  experienced  hy  the 
dye  molecules  is  somewhat  smaller  than  expected,  probably  due  to  screening  effects  caused 
by  space  or  surface  charges  in  the  sample  ’  .  Also  the  distinct  broadening  of  the  hole 
indicates  the  presence  of  charge  carriers  giving  rise  to  different  amounts  of  screening  of  the 
F  field  at  the  locations  of  different  molecules.  In  spite  of  this  problem,  the  data  in  Fig.  6 
indicate  that  Held  strengths  of  a  few  tens  of  kV/cm  arc  sufficient  to  shift  the  pcntaccne 
absorption  lines  by  a  sizeable  amount  and.  therefore,  that  the  FM/Stark  double  modulation 
approach  should  be  suitable  to  detect  single-molecule  spectra. 


Figure  7  shows  spectra  of  persistent  holes  taken  in  simple  FM  and  FM/Stark  double 
modulation  under  various  conditions.  Because  of  the  rapid  decay  of  the  hole  area,  the  data 


were  taken  on  different  holes  which  were  all  burnt  near  the  center  of  the  O,  hand  under  the 
same  conditions  as  the  hole  shown  in  big.  h.  I  he  light  power  used  for  probing  the  hole 
spectra  was  .1  /t\V  in  all  cases.  Since  different  periods  of  time  elapsed  between  burning  and 
scanning  the  holes,  their  absolute  amplitudes  are  not  comparable,  which,  however,  docs  not 
a  fleet  the  line  shapes  of  the  spectra  in  any  wav. 

Trace  (a)  in  big.  7  shows  a  hole  in  simple  I'M  detection  with  no  electric  field  applied  to 
the  sample.  This  spectrum  was  taken  under  the  same  conditions  as  in  I  ig.  0(a)  and  has  been 
added  here  for  comparison.  The  four  lower  traces  in  big.  7  show  hole  spectra  recorded  in 
I'M  Stark  double  modulation.  In  each  case  a  bipolar  sinusoidal  I:  field  at  5  kHz  with  peak 
value  2S  kV'cm  was  applied  to  the  sample,  and  lock-in  detection  at  twice  the  modulating 
frequency  (10  kHz)  was  performed  (sec  big.  4(a))  with  a  time  constant  of  1.25  ms.  In  traces 
(h)  and  (c)  the  phase  of  the  if  local  oscillator  was  adjusted  to  give  the  pure  S,  component 
of  the  signal,  whereas  in  traces  (d)  and  (c)  the  pure  S,  phase  was  selected.  The  value  of 
<‘>ml2n  was  75  MIIz  in  the  case  of'  (h)  and  (d)  and  00  MIIz  in  (c)  and  (c).  respectively. 

fhc  comparison  of  these  four  double-modulation  spectra  of  persistent  holes  with  the 
corresponding  theoretical  line  shapes  (big.  5(c)  and  (g)  for  a  broader  borentzian)  shows  that 
the  theory  properly  describes  the  salient  features  both  in  the  S,  and  the  S;  phase  (apart  from 
a  trivial  sign  reversal  in  S2).  fn  S,,  the  experimental  spectra  arc  characterized  by  a  large 
negative  slope  and  a  large  positive  slope  separated  by  exactly  twice  the  rf  modulating 
frequency.  A  change  of  the  rf  frequency  causes  this  “W"  shape  to  expand  (or  contract) 
accordingly.  A  slight  asymmetry  of  the  experimental  hole  signal,  which  espcciallv  appears 
in  trace  7(b)  may  be  due  to  a  small  detuning  of  the  rf  phase  from  exactly  S,  ;  .also  the 
underlying  SI’S  signal  may  give  rise  to  a  marginal  distortion.  In  the  S,  phase,  the  basic 
features  tire  a  strong  negative  peak  which  is  bracketed  by  two  positive  peaks  of  half  its 
amplitude.  The  distance  between  the  positive  peaks  is  again  given  by  twice  the  radio 
frequency,  so  that  the  whole  structure  expands  as  rum/2.T  is  changed  from  75  to  h()  MIIz. 
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Single- Molecule  Data 

In  order  to  find  appropriate  spectral  positions  for  observing  single-molecule  signals,  \vc 
first  measured  the  variations  of  the  SI'S  amplitude  across  the  inhomogeneous  (),  and  ()2 
bands  of  pentaccnc  in  />-tcrphcnyl  using  the  I  'M  'Stark  method.  The  results  are  shown  in 
fig.  8.  The  circles  in  Fig.  8  represent  the  mean-square  values  of  SI  S  as  measured  in  scans 
over  0.5  (111/  wide  spectral  regions.  The  background  mean-square  noise  level  (as  measured 
far  away  from  the  absorption  lines)  has  been  subtracted  from  the  raw  data.  Together  with 
the  SFS  data,  regular  absorption  spectra  of  the  O,  and  (),  hands  are  plotted  (smooth 
curves)  which  were  recorded  on  a  higher-concentration  sample  (??2.5x  10  *  molc/molc)  with 
a  scanning  monochromator.  The  root-mcan-squarc  (RMS)  values  of  the  SI  S  are 
proportional  to  the  fluctuations  in  the  absorption  coefficient  and  therefore,  to  the  fluctuations 
of  the  number  N,,  of  absorption  lines  per  homogeneous  linewidth.  According  to  the 
fundamental  laws  of  statistics  of  independent  additive  quantities,  these  fluctuations  vary  as 
the  square  root  of  the  mean  value  Nn  in  the  limit  N,,  >  >  1  .  Asa  consequence,  the 
mean-square  (MS)  of  the  SI’S  spectra  should  scale  with  N’u  and,  thus,  with  the  mean 
absorption  coefficient  that  is  measured  by  the  monochromator.  These  relations  arc 
summarized  in  Hqs.  (18a)  and  (18b). 

RMSsrs  ~  (Aot)l.  ~  AN,,  ~  X/  N,|  (18a) 

M-Vs~N„~*n|..  (18b) 

figure  8  shows  that  there  is  indeed  a  good  correlation  between  the  MS  values  of  the  SIS 
and  the  average  absorption  coefficient.  The  scatter  in  the  SIS  mean-square  values  arc  to 
be  expected  since  the  SI  S.  being  a  statistical  quantity,  is  itself  subject  to  statistical 
fluctuations.  The  arrows  indicate  typical  spectral  positions  where  we  observed  single-molecule 
spectra  in  our  (ow-concentration  samples  (^2.5  x  10  7  molc/molc).  These  wavelengths  arc 
very  far  away  from  tfic  peaks  of  the  inhomogeneous  bands,  if  one  considers  the  shapes  of 


the  bands  as  strict  I  v  <  iaussian.  At  a  dvc  concentration  of  2.5  *  10  '  molc/mole.  the  N„ 
values  .it  the  center  ol  each  band  are  estimated  to  be  in  the  range  in'1—  1 0 4  for  our  focal 
volume.  I 'sing  a  width  of  the  inhomogeneous  distribution  m  the  O,  band  of  42  (ill/  and 
assuming  a  strictly  (iaussian  decrease  of'  \M  towards  the  wings  of  the  band,  one  would 
predict  that  \n  >  10  v  —  It)  at  the  position  of  the  right  arrow  (502.457  nml.  It  is  obvious 
that  there  are  slowiv-decax  ing  tails  on  the  inhomogeneous  lines,  which  extend  out  much 
farther  than  predicted  by  the  (iaussian  model.  Probable  these  sites  correspond  to  dve 
molecules  near  major  lattice  imperfections  such  as  point  defects  and  dislocations  and  tire, 
therefore,  hiehlv  strained  and  shifted  by  a  large  amount  from  the  equilibrium  position. 

Single-molecule  spectra  recorded  at  the  wavelength  of  the  right  .arrow  in  big.  S  and 
obtained  with  the  1  M  Stark  technique  are  shown  in  l  ie.  T  I  he  first  trace  in  big.  d  is  a 
calculated  double-modulation  spectrum  which  has  been  added  for  comparison.  Trace  (b)  in 
fig.  b  shows  an  overlay  of  eight  experimental  scans  over  the  same  spectral  region  at  5‘>2.455 
mn  which  contain  a  strong  single-molecule  signal  near  the  center  of  the  scan,  bach  of  these 
traces  was  obtained  by  averaging  the  data  of  512  single  laser  scans.  !  lie  fiducial  bar  above 
the  strong  feature  marks  a  distance  of  2  m,  -  150  Mil/.  I  he  shape  of  the  strong 
single-molecule  signal  is  very  similar  to  the  theoretical  line  shape  (trace  (all  and  also  to  the 
signals  of  persistent  spectral  holes  probed  with  the  double-modulation  method  (bigs.  7(b)  and 
let).  However,  in  the  center  the  measured  lineshape  shows  a  peak  which  is  stronger  than 
expected.  I  his  slight  deviation  from  theory  is  most  probable  due  to  an  admixture  of  a  small 
amount  of  the  S2  phase,  fn  addition  to  the  strong  feature,  the  traces  ol  big.  b(b)  contain 
smaller  repeatable  signals,  especially  at  the  left  edge.  bhese  are  presumable  caused  be  other 
molecules  which  are  located  away  from  the  laser  locus,  where  the  cross-section  o(  the  beam 
is  larger  than  at  the  waist  and.  according  to  Cq.  (P).  the  signal  am|Mitudc  is  cnrrcspondinglv 
lower.  In  trace  (c)  the  average  of  the  eight  scans  has  been  calculated  and  the  contribution 
of  the  S,  phase  has  been  subtracted  so  as  to  obtain  a  least-squares  lit  between  the  strong 
central  feature  and  the  theoretical  line  shape  (thick  line  overlaid).  The  latter  was  obtained 


using  I'q.  (  10).  I  he  (it  is  very  satisfactory;  especially  the  most  pronounced  features  —  the 
large  negative  slope  and  the  large  positive  slope  separated  hy  2vrT1  -  a rc  well-reproduced  bv 
the  (it. 

The  two  traces  in  l  ies.  0(d)  and  (e)  show  double-modulation  spectra  taken  very  Tar  o(T 
the  inhomogeneous  band  on  the  doped  sample  and  at  the  center  of  the  (),  band  on  an 
undoped  p-terphenyl  crystal,  respectively.  In  both  cases,  no  absorption  lines  of  pcntaccnc 
molecules  arc  expected  to  be  present.  The  signals  therefore  reflect  the  noise  level  of  our 
double-modulation  technique,  which  is  composed  of  shot  noise  and  a  certain  amount  of 
avalanche  noise  of  the  photodctcctor.  The  contribution  of  the  avalanche  noise  is 
unavoidable,  since  a  detection  light  power  level  of  0.3  /< W  is  too  high  for  the  use  of  a 
photomultiplier  and  not  high  enough  for  the  shot-noise-limited  operation  of  a  regular 
photodiode  with  50  Hi  load,  f  or  the  sake  of  comparison  with  the  single-molecule  data,  two 
overlaid  SI'S  spectra  recorded  at  the  center  of  the  ();  line  for  the  doped  sample  have  been 
added  in  f  ig.  9(f).  In  contrast  to  the  former,  these  spectra  arc  composed  of  signals  from 
many  molecular  absorption  lines  and,  as  a  consequence,  show  strong  repeatable  features  all 
over  the  scan  range. 

We  observed  single-molecule  signals  similar  to  those  in  fig.  9  on  several  occasions  with 
several  different  samples;  however,  it  was  not  possible  to  reliably  obtain  SMI)  spectra  each 
day  with  the  I'M, Stark  technique,  flic  problem  was  most  probably  due  to  an  electrical 
phenomenon  well-known  in  organic  crystals  the  injection  of  charge  carriers  from  the 

electrodes  into  the  interior  of  the  crvstals.  The  injected  charges  give  rise  to  strong  internal 
electric  fields  which  add  to  the  extcrnallv  applied  field  and.  moreover,  may  vary  in  an 
unpredictable  manner  as  part  of  the  charges  move  around  under  the  action  of  the  external 
AC  field.  Since  the  charges  arc  expected  to  be  trapped  in  different  surroundings,  their 
motions  should  have  different  amplitudes  and  different  phase  shifts  with  respect  to  the  driving 
field.  Strong  evidence  for  the  presence  of  injected  charge  carriers  comes  from  the  data  shown 


in  Fig.  10.  Part  tat  contains  X  spectra  recorded  at  the  blue  edge  of  the  O.  band  .at 
502.057  tint.  The  concentration  of  the  sample  was  2.5  x  10  molcmolc  and  (lie  radio 
frequency  was  v„  —  50  Mil/.  A  repeatable  “W"-likc  single-molecule  signal  is  clearly  visible 
around  a  relative  laser  Irequc,.  ;  of  220  Mil/.  At  the  left  and  right  edges  of  the  scan  ranee 
additional  repeatable  features  arc  loc..  I  which  may  be  elite  to  other  molecules.  Trace  (b) 
shows  the  average  of  the  eight  scans  contai..-  1  hi  fa).  In  this  ease,  the  internal  Stark 
modulation  was  produced  hv  an  electric  field  in  the  Cot:.,  of  a  bipolar  square  wave  at  5  k F I /. 
The  remarkable  point  in  the  experimental  conditions  used  for  recording  these  spectra, 
however,  was  that  the  second-stage  demodulation  in  the  lock-in  amplifier  was  performed  at 
the  modulation  frequency  oA  rather  than  at  2  o>A.  Therefore,  the  lock-in  was  probing  line 
shifts  due  to  the  linear  Stark  effect.  Since  isolated  pcntaccnc.  due  to  its  center  of  symmetry, 
docs  not  exhibit  an  intrinsic  linear  Stark  effect,  neither  in  the  |Sn>  nor  in  the  |S,  >  state, 
this  observation  strongly  indicates  that  an  injected  charge  carrier  is  located  near  the  molecule, 
inducing  permanent  dipole  moments  via  its  Coulomb  field.  It  is  unlikely  that  a  polar 
impurity  molecule  other  than  pcntaccnc  gives  rise  to  this  SMI)  signal  for  two  reasons:  first, 
the  signals  were  observed  in  the  blue  tail  of  the  characteristic  f)2  site  origin  for  pcntaccnc 
in  /’-tcrphcnyl.  far  away  from  the  inhomogeneous  origins  no  such  spectra  were  observed, 
as  traces  (c)  show  which  were  recorded  a t  5‘M.07|  nm.  The  second  reason  is  that  an  impuritv 
molecule  with  a  much  broader  absorption  line  than  pcntaccnc  cannot  be  observed  with  the 
I'M  technique,  since  the  sensitivity  of  the  I  NI  method  is  restricted  to  spectral  features  with 
widths  on  the  order  of  or  narrower  than  \-m  (see  Section  II). 

It  is  in  principle  possible  that  the  electric  dipole  moments  of  the  pcntaccnc  molecule 
responsible  for  this  linear  Stark  effect  .arc  induced  bv  an  ionic  or  strongly  polar  impurity 
molecule  nearby  rather  than  an  isolated  injected  charge  carrier.  However,  this  also  seems 
unlikely  considering  the  large  STS  signal  at  the  center  of  the  ()?  line  that  was  observed  in 
the  same  sample  with  linear  Stark-cff'cct  detection  (fig.  10(d)).  This  specific  sample  was 
cleaved  front  a  Bridgman  bottle  that  was  grown  from  extensively  /one-refined  /’-tcrphcnyl  and 
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sublimcd  pcntaccnc  and  that  provided  several  other  samples  which  showed  only  very  weak 

SFS  signals  near  the  centers  of  the  pcntaccnc  absorption  lines  using  the  linear  Stark  cfTcct. 

The  presence  of  a  large  amount  of  impurity  molecules  other  than  pcntaccnc  can  therefore 

be  ruled  out.  The  linear  Stark  effect  giving  rise  to  the  data  in  Fig.  10  seems  indeed  to  be 

due  to  the  injection  of  charge  carriers,  which  in  this  specific  sample  may  have  been  especially 

numerous  due  to  good  contacts  between  the  sample  and  the  electrodes  and  to  the  extended 

period  of  time  in  which  the  sample  was  exposed  to  large  electric  fields.  These  experimental 

findings  may  lead  to  several  interesting  applications  of  SMI),  namely  the  study  of  single 

charge  carrier  traps  in  organic  materials  and  of  local  environments  with  lowered  symmetry 

due  to  nearby  charges.  Previously  a  different  optica!  method  for  the  detection  of  injected 

is  . 

charges  in  a  polymeric  sample  was  reported  which  was  based  on  persistent  spectral 
hole-burning;  however,  it  measured  the  macroscopic  electric  field  generated  in  the  sample  by 
the  injected  charges  and  was  therefore  insensitive  to  local  effects. 

B.  FMj  Ultrasound  Measurements 

The  study  of  the  local  surroundings  of  single  injected  charge  carriers  may  become  an 
interesting  field;  however,  for  the  detection  and  spectroscopy  of  single  dye  molecules  the 
effect  of  charge  injection  and  motion  is  undesirable,  since  it  gives  rise  to  poor  reproducibility 
of  the  Stark  shifts.  In  order  to  overcome  this  problem  and  to  provide  confirmation  of  our 
single-molecule  results  with  a  distinct  technique,  we  used  a  different  secondary  modulation 
of  the  absorption  lines,  namely  the  application  of  time-varying  stress  fields  with  ultrasound. 
The  corresponding  demodulation  was  performed  at  the  ultrasonic  frequency  using  a  second 
rf  mixer  (sec  Fig.  4(b)).  Good  single-molecule  spectra  were  obtained  with  both  longitudinal 
and  transverse  ultrasonic  waves,  as  will  be  demonstrated  below. 


The  two  traces  in  Fig.  11(a)  show  SI'S  spectra  taken  at  the  center  of  the  O,  band 
(592.321  tun)  using  a  modulation  with  transverse  ultrasound  at  a  frequency  of  4.9  Mil/, 
f  lic  sample  was  bonded  to  an  AT-ent  quart/  transducer  of  I  inch  diameter,  which  carried 


-26- 

highly  reflective  gold  electrodes  on  both  sides.  The  light  reflected  off'  the  transducer  (which 
passed  through  the  sample  twice)  was  focussed  onto  the  photodetector.  As  expected,  the 
resulting  SFS  spectra  were  somewhat  more  reproducible  than  for  the  TM  Stark  case.  Upon 
proceeding  out  in  the  wings  of  the  inhomogeneous  line,  the  STS  amplitude  was  observed  to 
decrease  until  multiple-molecule  and  then  single-molecule  spectra  were  observed.  The  traces 

(b)  through  (c)  show  scans  over  a  spectral  region  at  the  blue  edge  of  ()2  (592.004  nm).  These 
spectra  were  recorded  using  different  light  modulation  frequencies  of  91  MHz  (b),  76  Mil / 

(c) .  61  Mil/  (d),  and  51  Mil/  (c).  Although  the  signal-to-noisc  ratio  is  somewhat  worse  than 
the  TM  Stark  case  (due  to  the  averaging  of  only  12S  scans  for  each  trace),  a  "W"-like 
single-molecule  signal  is  clearly  visible  in  all  of  these  traces.  As  vm  is  decreased,  the  "W"  line 
shape  contracts  such  that  the  distance  between  the  downward  and  the  upward  slope  is  always 
equal  to  2vm.  The  fiducial  bars  above  the  traces  mark  these  distances.  The  fact  that  a  change 
of  rm  causes  a  symmetrical  contraction  or  expansion  is  the  final  proof  that  the  "W-likc 
spectral  features  that  we  observe  arc  really  due  to  single  molecules  (or  several  molecules 
absorbing  at  exactly  the  same  frequency).  If  these  signals  were  composed  of  spectral  features 
arising  from  several  molecules  at  several  wavelengths,  they  would  not  change  in  such  a 
systematic  manner.  The  STS  signal  at  the  line  center,  for  instance,  docs  not  exhibit 
well-defined  changes  when  vm  is  varied.  The  possibility  that  the  \V-Iike  line  shapes  are 
generated  by  more  than  one  molecule  absorbing  at  exactly  the  same  wavelength,  on  the  other 
hand,  cannot  be  totally  ruled  out,  but  this  seems  extremely  unlikely  so  far  away  from  the 
center  of  the  inhomogeneous  distribution  (compare  the  estimate  of  the  Nn  values  in  Section 
IV.  A). 

The  last  two  pairs  of  traces  in  Tig.  II.  (0  and  (g),  arc  spectra  recorded  very  far  away 
from  the  pcntaccnc  absorption  lines  (at  .590.452  nm)  and  scans  with  no  light  falling  on  the 
detector,  respectively.  The  comparison  between  (f)  and  (g)  shows  that  the  sensitivity  of  our 
double-modulation  method  is  limited  by  light-related  noise  (I)  which  is  distinctly  larger  than 
the  background  noise  of  the  electronics  (g).  However,  as  was  mentioned  earlier,  our 
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mcasuremcnt  is  not  fully  quantum-limited  hut  contains  a  contribution  from  the  avalanche 
noise  of  the  detector. 

At  this  point  a  comment  on  the  amplitude  of  the  single-molecule  signals  as  compared  to 
the  FM/Stark  method  may  be  made.  The  signal-to-noise  ratio  in  Fig.  11(b)  through  (e)  is 
smaller  than  that  of  our  best  FM/Stark  data  (sec  F'ig.  9  (b))  by  more  than  a  factor  of  two 
that  can  be  explained  by  the  difference  in  averaging  time.  Flic  most  probable  reason  is  that 
the  ultrasound  shifts  the  center  frequencies  of  the  absorption  lines  by  a  smaller  amount  than 
the  electric  field.  This  corresponds  to  a  smaller  modulation  index  m  of  the  secondary 
modulation  and,  according  to  Fq.  (10).  remits  in  a  decrease  of  the  signal  amplitude  which 
linearly  depends  on  m.  The  data  shown  in  Fig.  II  were  taken  using  a  power  level  of -1.5 
dBm  to  drive  the  ultrasonic  transducer.  This  level  gave  the  largest  SFS  signals  at  the  centers 
of  the  absorption  bands  Higher  driving  powers  resulted  only  in  a  broadening  and, 
eventually,  in  a  decrease  of  the  SFS  signals.  A  possible  reason  for  this  behavior  is  the 
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build-up  of  incoherent  ultrasound  in  the  sample  due  to  reflections  at  the  free  surface  and/or 
possible  heating  effects  A  proper  acoustic  'rmination  should  help  to  improve  the  former 
problem  in  future  measurements. 

In  the  case  of  secondary  modulation  with  transverse  ultrasound,  the  signal-to-noise  ratio 
was  worse  than  that  for  the  FM/Stark  technique,  probably  due  to  a  smaller  modulation  index 
m  (see  above).  The  repeatability  of  the  spectra  was  improved,  however.  In  order  to  test  if 
the  signal  size  could  be  increased  by  using  longitudinal  rather  than  transverse  ultrasound, 
we  replaced  the  AT-cut  quart/  transducer  bv  a  X-cut  transducer  at  .5  Mil/.  This  transducer 
had  no  electrodes  so  that  a  special  sample  holder  assembly  was  required  for  exciting  the 
ultrasonic  oscillations.  We  sandwiched  the  transducer  between  two  ITO-coatcd  glass  plates 
with  the  coated  sides  next  to  the  transducer.  In  order  to  achieve  a  good  mechanical  contact 
we  placed  thin  layers  of  Nonaq  stopcock  grease  between  the  elements  of  this  stack.  The 
sample  was  then  bonded  to  the  outer  side  of  one  of  the  glass  plates  with  phenyl  salicylate. 
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The  advantage  of  this  configuration  as  compared  to  tiic  use  of  a  coated  transducer  was  its 
optical  transparency  and  lower  optical  losses  due  to  scattering  in  the  sample. 

Several  tvpical  spectra  obtained  with  longitudinal  ultrasonic  modulation  arc  displayed  in 
Figure  12.  AH  the  traces  were  obtained  by  averaging  128  single  scans.  The  structure  of  the 
figure  is  similar  to  that  of  Fig.  II.  the  two  traces  labeled  (a)  show  strong  SFS  near  the 
center  of  the  (),  line  (at  592.312  nm).  As  in  the  ease  of  transverse  ultrasound,  the  power 
level  of  the  secondary  modulation  was  adjusted  so  as  to  obtain  maximal  amplitude  of  the 
SFS  signal;  the  optimal  value  turned  out  to  be  -20  dBm.  flic  traces  (b)  through  (d)  were 
taken  at  the  blue  edge  of  the  ()2  band  (at  591.982  nm)  with  the  same  ultrasonic  power. 
Fach  contains  a  strong  single-molecule  signal  left  of  the  center  and  several  other  repeating 
features  which,  again,  are  probably  due  to  other  molecules  located  outside  the  focal  region 
of  the  laser.  The  rf  modulating  frequency  was  varied  from  76  MHz  (b)  to  91  MHz  (c)  and 
hack  to  76  MHz  (d).  The  strong  "W"-likc  feature  expands  and  contracts  in  accordance  with 
these  changes  (compare  the  fiducial  bars),  giving  strong  evidence  for  a  single  molecule.  The 
changes  of  the  smaller  signals,  on  the  other  hand,  do  not  follow  the  frequency  variation  in 
a  similarly  obvious  way,  which  suggests  that  they  arc  caused  by  several  overlapping 
out-of-focus  molecules.  This  seems  reasonable,  because  there  arc  much  larger  portions  of  the 
probe  volume  out  of  the  laser  focus  than  in  the  tiny  focal  spot. 

The  signal-to-noisc  ratio  is  clearly  better  than  in  the  ease  of  transverse  ultrasonic 
modulation  and  is  comparable  with  the  Stark  effect  experiment  at  equal  averaging  times 
(compare  Figs.  9,  II  and  12).  The  better  signal-to-noisc  ratio  suggests  that  the  molecular 
absorption  lines  are  more  efficiently  shifted  by  the  periodic  compression  and  rarefaction 
connected  with  a  longitudinal  wave  than  by  a  shear  wave. 

The  two  traces  in  f  ig.  12  (c)  were  taken  way  off  the  line  at  590.741  nm,  and  these 
scans  do  not  contain  repeatable  signals  above  the  noise  level.  In  a  manner  similar  to  the 
Stark  and  transverse  ultrasonic  modulation  techniques,  this  result  confirms  that  far  enough 
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away  from  the  inhomogeneous  line  center,  no  pcntaccnc  molecules  arc  in  resonance  with  the 
laser  frequency.  Although  the  inhomogeneous  distribution  falls  off  in  the  wings  much  more 
slowly  than  the  strict  Gaussian  law  would  predict  (see  above),  it  definitely  reaches  zero  in  a 
certain  distance  which  is  smaller  fban  the  frequency  difference  between  the  02  and  ()-,  bands 
of  roughly  4  nm.  The  traces  (0  at  the  bottom  oi  Fig.  12  were  taken  with  no  light  impinging 
on  the  defector;  these  again  show  that  the  noise  level  of  our  electronics  is  smaller  than  the 
light-related  noise  of  traces  (c). 

Considering  all  the  experimental  data,  a  comparison  between  the  amplitudes  of  the  SMI) 
signals  in  the  wings  of  the  inhomogeneous  line  and  the  SI'S  spectra  taken  near  the  center 
of  the  inhomogeneous  line  may  now  be  made.  Using  the  known  cross  section  and  dilution 
of  our  samples,  we  estimated  the  average  number  N, ,  of  molecular  absorption  lines  per 
homogeneous  linewidth  in  the  probe  volume  to  be  on  the  order  of  10*—  I04  near  the  band 
center.  If  we  assume  that  the  number  fluctuations  ANH  roughly  scale  as  X/N„  (which 
underestimates  ANn  for  small  Nn),  we  expect  the  amplitude  of  SFS  spectra  taken  near  the 
center  of  the  inhomogeneous  band  to  be  larger  than  a  single-molecule  signal  by  a  factor  of 
at  least  30  -  100.  In  part  of  our  experimental  data,  this  difference  is  much  smaller  -  especially 
with  the  FM/Stark  technique  (see  Figs.  9  -  12).  An  explanation  may  be  that  the  molecules 
absorbing  at  the  line  center  which  arc  located  in  near-equilibrium  positions  arc  subject  to 
strong  power  bioadcning  and  a  corresponding  reduction  of  their  peak  absorption  cross 
section.  In  See.  Ill  we  calculated  the  saturation  light  intensity  for  pcntaccnc  in 
/'-tcrphcnyl  to  be  71  m\V/cm2  whereas  the  actual  intensity  in  our  focal  spot  (in  one  sideband) 
was  ~  0.85  W/cm2.  Those  molecules  which  absorb  out  in  the  wings,  on  the  other  hand,  can 
be  assumed  to  sit  in  highly  strained  sites  and  may  have  a  higher  effective  saturation  intensity. 
Fvidcncc  for  this  hypothesis  comes  also  from  the  absolute  magnitude  of  our  SMI)  signals 
(see  See.  III). 
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Anothcr  possible  reason  for  the  amplitude  of  our  SMI)  signals  could,  in  principle,  be  that 
they  are  due  to  pentacctic  dimers  rather  than  monomers,  liven  in  very  dilute  solutions  of 
the  dye,  a  certain  amount  of  dimers  can  be  expected  to  occur,  since  the  solubility  in  the 

molten  phase  during  sample  preparation  is  not  perfect.  There  tire  dimer  absorption  origins 
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both  to  the  red  of  the  O,  and  to  the  blue  of  the  O,  monomer  bands  .  However,  the 

intersystem-crossing  rates  k21,  at  least  of  the  long-wavelength  dimer  states,  arc  much  higher 
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than  those  of  the  (),  and  ()2  monomers  ,  which  would  give  rise  to  even  stronger  power 

70 

broadening  due  to  triplet  bottleneck  effects  .  No  detailed  information  about  the  absorption 
cross  sections  a  and  phosphorescence  decay  rates  k,,  of  various  dimers  is  currently  available 
so  that  a  qualitative  calculation  of  the  saturation  light  intensity  cannot  be  performed. 
Nevertheless,  due  to  the  high  intersystem  crossing  rates,  it  seems  unlikely  that  dimers  are  the 
origin  of  our  strong  SMI)  signals. 

One  might  argue  that  it  should  be  possible  to  test  experimentally  if  a  single  molecule  is 
subject  to  strong  pumping  (i.c.,  AC  Stark  effects)  by  the  laser  light  field  or  not.  If  the 
molecule  interacts  with  a  strong  light  field,  its  absorption  line  is  expected  to  split  into  two 
components,  one  positive  and  one  negative,  whose  separation  and  relative  amplitudes  depend 
on  the  intensity  and  frequency  detuning  of  the  light  from  the  molecular  resonance 
frequency  .  T  his  effect,  which  was  first  demonstrated  in  sodium  vapor,  37  cannot  easily  be 
observed  for  dvc  molecules  embedded  in  a  solid,  since,  due  to  the  inhomogeneous 
distribution,  the  molecular  line  doublets  arc  smeared  out  to  one  power-broadened  line.  For 
one  single  molecule,  however,  it  should  in  principle  be  possible  to  observe  the  line  splitting. 
However,  our  I'M  scheme  is  not  capable  of  achieving  this  for  the  following  reason.  In  our 
experiment,  the  molecular  absorption  line  is  saturated  by  the  carrier  frequency  and  probed 
by  the  two  sidebands.  In  the  simplest  ease  we  can  assume  that  the  sidebands  arc  weak 
enough  that  they  do  not  cause  strong  pumping.  The  I'M  signal  is  generated  (in  the  S,  phase) 
by  subtracting  the  absorption  experienced  by  the  upper  sideband  from  that  experienced  by 
the  lower  sideband.  Since  all  three  frequencies  including  the  carrier  arc  scanned 


simultaneously,  the  splitting  of  the  absorption  line  caused  by  the  saturating  carrier  changes 
during  the  scanning  process.  The  resulting  I'M  signal  is  the  same  as  for  a  regular 
power-broadened  Lorentzian  line,  as  we  have  checked  by  model  calculations.  The  shape  of 
a  single-molecule  signal  in  our  I'M; Stark  or  I'M/ (iS  double-modulation  experiment  docs, 
therefore,  not  reveal  any  strong-pumping  effects,  future  work  should  consider  whether  or 
not  strong  pumping  effects  can  be  detected  by  operating  in  the  dispersion-sensitive  ( S:)  phase. 

V.  Summary  and  Conclusion 

In  the  present  paper  we  have  demonstrated  the  possibility  of  detecting  the  absorption 
signal  of  one  individual  dye  molecule  in  a  transparent  matrix.  Our  model  system  was 
pcntaccnc  in  a  p-terphcnyl  single  crystal  at  1.5  K.  In  order  to  select  one  single  absorption 
line  we  chose  rather  dilute  dopant  concentrations  between  2x  10  7  and  1  x  10  6  mole/molc 
and  investigated  spectral  regions  out  in  the  wings  of  the  inhomogeneous  O,  and  O, 
absorption  bands  corresponding  to  the  electronic  |S,  >  <-  |  Sn  >  (0  -  0;  transition.  Our 
detection  method  was  based  on  laser  I'M  spectroscopy  with  modulation  frequencies  between 
50  and  100  MIIz.  Since  in  this  technique  weak  signals  arc  often  obscured  by  residual 
amplitude  modulation  (RAM),  we  used  a  secondary  modulation  of  the  absorption  lines  of 
the  sample  by  applying  either  an  electric  ac  field  or  transverse  or  longitudinal  ultrasonic 
waves.  With  each  of  these  three  double-modulation  methods  we  achieved  a  detection 
sensitivity  close  to  the  quantum  noise  limit  and  unambiguously  observed  single-molecule 
signals.  This  rules  out  the  possibility  of  artifacts  that  might  arise  if  only  one  technique  is 
used.  In  order  to  obtain  a  favorable  signal-to-noisc  ratio,  we  chose  to  tolerate  some  power 
broadening  of  t he  absorption  lines.  However,  the  absolute  amplitude  of  the  SMI)  signals 
as  well  as  its  relation  to  the  magnitude  of  SI  S  recorded  near  the  centers  of  the 
inhomogeneous  bands  led  to  the  conclusion  that  molecules  absorbing  out  in  the  wings  have 


a  higher  saturation  light  intensity  than  those  at  the  center.  This  may  indicate  that  the 
presence  of  high  local  strains  at  the  single-molecule  sites  alters  the  intersystem  crossing  rates. 

The  spectroscopic  detection  and  study  of  single  dye  molecules  in  a  solid  may  lead  to  a 
variety  of  novel  experimental  studies  in  the  future.  One  direction  could  be  the  measurement 
of  the  photophysical  properties  of  the  dopant  molecules  themselves,  such  as  lifetimes  and 
transition  rates.  In  this  context,  it  would  be  interesting  to  repeat  the  experiments  reported 
here  on  samples  with  much  lower  pcntaccnc  concentrations,  in  which  single-molecule  spectra 
could  be  detected  closer  to  the  centers  of  the  inhomogeneous  origins.  By  investigating  power 
broadening  behavior,  it  should  be  possible  to  obtain  information  about  the  influence  of  the 
matrix  environment  on  intramolecular  relaxation  channels,  especially  on  the  intersystem 
crossing  rate. 

Another  application  of  single-molecule  spectroscopy  could  be  the  extremely  site-selective 
investigation  of  small  changes  in  the  matrix,  in  which  ease  (he  dopant  molecule  acts  only 
as  a  probe.  An  example  is  persistent  spectral  hole-burning  on  one  molecule,  which  might 
help  to  elucidate  the  hole-burning  mechanism  in  the  pcntaccnc  /  p-terphenyi  system.  Since 
pcntaccnc  is  a  fairly  photostablc  molecule  for  long-wavelength  irradiation  at  low 
temperatures,  the  mechanism  probably  involves  a  structural  or  orientational  rearrangement 
of  a  nearby  matrix  molecule.  Other  studies  of  the  influence  of  the  local  environment  could 
be  accomplished  by  measuring  the  effects  of  external  perturbations  (excluding  of  course  the 
external  field  required  to  detect  the  absorption). 

If  SMI)  can  be  realized  in  amorphous  dye-matrix  systems,  an  interesting  application 
might  be  the  microscopic  study  of  spectral  diffusion  '  This  phenomenon  is  a 
spectroscopic  manifestation  of  slow  relaxation  processes  that  arc  common  in  non-equilibrium 
solids  such  as  glasses.  In  hole-burning  experiments,  spectral  diffusion  leads  to  broadening 
of  a  hole  with  a  logarithmic  time  dependence  \  One  single  molecular  absorption  line,  on  the 
other  hand,  is  expected  to  perform  a  random-walk-likc  motion.  It  would  be  necessary. 


however,  to  find  an  amorphous  dye-matrix  system  with  an  extremely  low  hole-burning 
quantum  yield,  so  that  the  center  can  be  observed  over  a  sufficiently  long  period  of  time. 

In  general,  the  optical  detection  of  single  molecules  in  a  solid  removes  any  effects  of 
inhomogeneous  broadening  which,  to  some  extent,  arc  still  present  in  conventional 
site-selective  methods  of  spectroscopy  such  as  persistent  spectral  hole-burning  and  coherent 
transients.  It  is  therefore  capable  of  investigating  dye-matrix  interactions  in  a  truly  local 
manner,  since  the  usual  averaging  over  many  dopant  molecules  with  accidentally  degenerate 
transition  frequencies  is  absent. 
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FIGURE  CAPTIONS 
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Figure  1.  Structure  of  an  inhomogencously  broadened  absorption  line  (upper  part)  and 
principle  of  single-molecule  detection  (lower  part)  in  a  schematic  representation.  The 
inhomogeneous  line  is  the  envelope  of  many  accumulated  molecular  /ero-phonon 
(homogeneous)  absorption  lines  arising  from  absorbing  molecules  in  a  transparent  matrix. 
Near  the  center,  the  inhomogeneous  band  is  approximately  Gaussian,  whereas  far  out  in  the 
wings  single  homogeneous  lines  are  present.  The  lower  part  shows  cross  sections  through 
the  sample  with  the  waist  of  a  focussed  laser  beam.  At  the  line  center,  many  dye  molecules 
arc  located  in  the  path  of  the  beam,  out  in  the  wings  very  few  molecules  (ideally:  one  single) 
are  probed. 

Figure  2.  Schematic  of  a  simple  I'M  experiment.  The  top  of  the  figure  shows  the  light 
spectrum  at  the  output  of  the  laser,  after  the  electro-optic  modulator  crystal,  and  after  the 
sample  (from  left  to  right),  the  arrows  indicating  the  relative  phases  of  the  electric  light  fields. 
For  a  discussion  see  text.  More  detailed  diagrams  of  our  double-modulation  techniques  arc 
depicted  in  bigs.  3,  4(a).  and  4(b). 


Figure  3.  Optical  setup  used  in  the  SMI)  experiments.  For  the  connections  of  the  first-stage 
local  oscillator  i.Ol,  the  external  drive  for  the  sample  modulation,  and  the  output  signals 
of  the  photodiodes  [’1)1  and  PDIR,  sec  Figs.  4(a)  ami  4(b).  The  symbols  arc  explained  in 
the  text. 

Figure  4(a).  Schematic  showing  the  processing  of  the  sign.als  of  the  photo-diodes  PI) I  and 
[’DIR  in  the  FM,  Stark  experiment  (compare  Fig.  4(b)).  Flic  first-stage  demodulation  (with 
respect  to  the  laser  I’M)  is  performed  by  the  mixers  Ml.  the  second-stage  demodulation  (with 
respect  to  the  electric-field  modulation  of  the  sample)  by  the  lock-in  amplifier  Fi.V  I  wo 


different  high-voltage  sources  f[V  were  used  which  provided  either  a  sinusoidal  waveform 
or  a  bipolar  square  wave.  For  the  explanation  of  the  other  svmhols  see  the  text. 

Figure  4(h).  Schematic  showing  the  processing  of  the  signals  of  the  photo-diodes  PD1  and 
PD1R  in  the  I'M  l  S  experiment  (compare  Fig.  4(a)).  The  first-stage  demodulation  (with 
respect  to  the  laser  FM)  is  performed  by  the  mixers  Ml,  the  second-stage  demodulation  (with 
respect  to  the  ultrasonic  modulation  of  the  sample)  by  mixer  M2.  For  the  explanation  of 
the  other  symbols  see  text. 

Figure  5.  Theoretical  double-modulation  line  shapes,  (a)  A  broad  I.orcntzian  absorption; 
(b)  FM  -  S,  signal  for  (a);  (c)  Double  modulation  -  S,  signal  for  (a);  (d)  Double  modulation 
-  S,  signal  for  a  narrower  I.orcntzian.  (e)  Dispersion  signal  for  (a);  (f)  FM  -  S2  signal  for  (a); 
(g)  Double  modulation  -  S2  signal  for  (a);  (It)  Double  modulation  -  S,  signal  for  a  narrower 
I.orcntzian.  All  y-axis  scales  have  been  normalized  for  clarity,  with  zero  signal  at  the  center 
of  each  v  axis. 

Figure  6.  Persistent  spectral  holes  for  pcntaccnc  in  p-tcrphcnyl  detected  using  simple  FM 
with  a>m/2n  -  7.5  MHz.  (a)  Hole  just  after  burning,  (b)  Applied  dc  Held  of  28  kV/cm.  (c) 
Applied  dc  field  or  45  kV/cm,  (d)  Back  to  zero  field. 

Figure  7.  Spectral  holes  detected  using  simple  FM  and  FM  Stark  double  modulation,  (a) 
Hole  in  simple  FM,  vm  =  iaml2n  —  75  MI  Iz.  .  S,  phase,  (b)  I'M/Stark,  S,  phase, 

>'m  =  75  MHz,  2f  detection,  (c)  vm  =  90MIIz.  (d)  S,  phase,  vm  =  75  MI  Iz.  (e)  vm  =  ‘>0  M I  Iz. 

Figure  8.  Variations  in  SI  S  and  crl.  over  the  (),  and  ()2  bands,  flic  circles  represent 
mean-square  values  of  SI  S  over  0.5  (ill/  spectral  ranges.  The  solid  line  is  the  measured 


absorptance  from  a  highcr-conccntration  sample.  The  arrows  mark  the  approxiinate  spectral 
ranges  in  which  single-molecule  spectra  were  recorded. 

Figure  9.  Single-molecule  spectra  using  FM/Stark  technique  (quadratic  Stark  effect)  (a) 
Simulation  of  FM/Stark  lineshape.  (h)  SMI)  spectra  at  592.455  nm,  512  averages,  8  traces 
overlaid,  bar  shows  value  of  2vm  =  150  MHz.  (c)  Average  of  traces  in  (b)  (S2  removed)  with 
fit  to  the  in-focus  molecule  (smooth  curve),  (d)  Signal  far  offline  at  597.514  nm.  (e)  Signal 
at  O,  line  center  (592.326  nm)  for  an  undoped  p-tcrphcnyl  crystal.  (0  Traces  of  SI'S  at  the 
()2  line  center  (592.186  nm)  for  the  doped  crystal. 

Figure  10.  FM/Stark  spectra  with  second-stage  demodulation  sensitive  to  a  linear  Stark 
effect,  (a)  Fight  overlaid  spectra  at  592.057  nm,  vm  =  50MNz,  512  scans  averaged  for  each, 
(b)  Average  of  the  eight  traces  in  (a),  (c)  Spectra  way  off  line  at  593.071  nm.  (d)  Strong 
SFS  at  ()2  line  center,  592.192  nm. 

Figure  11.  FM/US  spectra  with  transverse  (shear)  ultrasound,  128  averages  each,  (a)  SFS 
at  O,  line  center  (592.321  nm)  (b)  SMI),  S,  phase,  vm  =  9 1  MHz,  592.004  nm.  (c)  Same 
region,  vm  =  76MHz  (d)  Same  region,  vm  =  61  MHz.  (c)  Same  region,  vm  =  51  MHz.  (0  Far 
away  from  the  pentacene  absorption  lines,  590.452  nm.  (g)  No  light  on  the  detector. 

Figure  12.  FM/US  spectra  with  longitudinal  ultrasound  for  secondary  modulation.  128 
averages  each,  (a)  SFS  near  (),  line  center  with  vm  =  76MIlz,  592.312  nm.  (b)  SMI)  at 
591.982  nm,  vm  =  76  MHz  (c)  vm  =  91  MHz  (d)  i-m  =  76  MHz  (c)  Way  off  line,  590.741  nm. 

(0  No  light  on  the  detector. 
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